Iron is vital for almost every organism by participating in a wide variety of metabolic processes. 1 The redox ability of iron, however, can lead to the production of oxygen free radicals, which can damage various cellular components. For this reason, the iron levels must be tightly regulated. 2 Under inflammatory conditions, a diversion of iron traffic occurs from the circulation to storage sites of reticuloendothelial system so as to minimize the availability of this essential element. 3 The acute-phase response (APR) is the defense reaction and is aimed to restrict the area of damage on one side and to eliminate, or at least isolate, the damaging agent on the other side. Every agent that leads to loss of the integrity of tissues induces a local reaction known as inflammation, which influences the iron balance in the whole organism. 4 Synthesis of the major acute-phase proteins can increase to 1000-fold over normal levels during acute-phase condition. This group includes serum amyloid A and either C-reactive protein in humans or its homolog in mice, serum amyloid P component. 5 The acute-phase cytokines released into the vascular system by the activated inflammatory cells 3, 6, 7 are responsible for the more generalized signs or symptoms of the APR 8 and for the dramatic changes in protein synthesis in the liver. As the liver is the main organ of the reticuloendothelial system, it may probably be the organ responsible for the hypoferremia under APR. How iron is transported into the liver, which receptors are involved in the uptake and what is the real fate of the iron during inflammation are still a matter of debate.
The recently discovered hormone hepcidin (Hepc), previously reported as LEAP-1 (liver-expressed antimicrobial peptide), 9 is a 25-amino-acid, 2-3 kDa, cationic peptide 10 and is an acute-phase protein mainly synthesized by hepatocytes. It is a major regulator of iron balance in the intestinal mucosa and it seems to have a significant role during inflammation by inducing hypoferremia. 11 In addition, it regulates maternal-fetal iron transport across the placenta, 12 affects the release of iron from hepatic stores and from macrophages and is, involved in the recycling of iron from hemoglobin, by directly binding to the cellular iron exporter ferroportin-1. 13, 14 Lack of Hepc-gene results in iron overload, 15 which suggests that the peptide can repress iron absorption. Its production is increased during inflammation and in iron overload conditions. 16 During the APR, however, Hepc expression changes more rapidly than the expression of iron transporters. 17 The hemochromatosis genes HFE, TfR2 and hemojuvelin (Hjv) potentially facilitate the transcription of HAMP (hepcidin antimicrobial peptide). HFE forms complex with transferrin receptor 1 (TfR1) in duodenal crypt enterocytes, 18 liver homogenates and transfected cell lines. 19 Animals bearing TfR2 mutations developed periportal hepatic iron loading, splenic iron sparing and elevated serum transferrin (Tf) saturations. 20 Hjv deficiency results in iron overload and failure of Hepc gene expression in response to dietary or injected iron. 21 However, the upregulation of Hepc gene expression in response to acute inflammation induced by either lipopolysaccharide or its downstream products was unaltered in the Hjv-deficient mice. 21 Tf carries iron from the intestine, reticuloendothelial system and liver parenchymal cells to all proliferating cells in the body. Diferric Tf interacts with the TfR1 and is internalized by receptor-mediated endocytosis. 22 Duodenal cytochrome b (Dcytb), divalent-metal transporter 1 (DMT1), ferroportin-1 (Fpn1) and hephaestin (Heph), [23] [24] [25] [26] [27] are major proteins involved in iron absorption. Fpn1 is regulated by Hepc during inflammatory conditions. Hepc binds and causes internalization and degradation of Fpn1; in turn, the cells then lack a transporter for iron. It has been postulated that the post-translational regulation of Fpn1 by Hepc may complete a homeostatic loop regulating iron plasma levels and the tissue distribution of iron. [28] [29] [30] Since an excess of free iron catalyzes the Fenton reaction, most of the intracellular iron is sequestered in the iron storage protein ferritin. 31 Ferritin-H mRNA is regulated by iron at the translational level. Ferritin-H RNA is present as stored messengers in the cytoplasm and recruited to the ribosomes when iron levels are increased. Iron-induced translational activation of ferritin-H, TfR1 and DMT1 is mediated by an RNA stem-loop called iron responsive element(s) (IREs). The cytoplasmic iron responsive elements (IRE) and iron responsive element binding protein (IRP) interact with the iron-responsive elements of mRNA. The iron status of the cell determines the ability of the IRP to bind to IRE. The IRP plays a central role in cellular iron homeostasis by regulating ferritin mRNA translation and TfR1 mRNA stability. 32, 33 To study pathophysiology of APR, two main models have been used: endotoxemia of the mouse induced systemically, which simulates infection with Gram-negative bacteria, and induction of a sterile muscle abscess in the rat by the intramuscular or subcutaneous injection of turpentine oil, which causes a local inflammation with a subsequent systemic induction of the cytokine-mediated APR; 5, 8 however, the two models differ significantly. Endotoxin administered intravenously or intraperitoneally reaches the liver and induces local cytokine release whereas the intramuscular injection of turpentine oil (TO) induces a local recruitment of inflammatory cells, which release acute-phase cytokines. 6, 7 In both the cases, the changes in protein synthesis observed in the liver are due to those cytokines (interleukin-6 (IL-6), IL-1b and tumor necrosis factor-a (TNF-a)).
In the present study, we used TO-induced APR and studied the changes in the gene expression of iron regulatory proteins not only in the liver but also in several other organs. We demonstrate that the genes of the major iron regulatory proteins are expressed not only in the liver but also in several other organs. Furthermore, we demonstrate that the changes in the gene expression of the iron regulatory proteins observed in the liver may also be observed in other organs. These changes are most probably induced by the acute-phase cytokine(s) (eg IL-6) synthesized at the site of injury.
MATERIALS AND METHODS Animals
Male Wistar rats of about 170-200 g body weight were purchased from Harlan-Winkelmann (Brochen, Germany). The rats were kept under standard conditions with 12 h light/dark cycles and ad libitum access to fresh water and food pallets. All animals were taken care according to the institutional guidelines, the German convention for the protection of animals and NIH guidelines.
Materials
All the chemicals used were of analytical grade and were purchased from commercial sources as indicated below: medium M199 from Biochroma (Berlin, Germany); penicillin-streptomycin and L-glutamine from Gibco (Scotland); nucleospin RNA II from Macherey-Nagel (Duren, Germany) for isolation of RNA from the cells; real-time polymerase chain reaction (PCR) primers, primers for Northern blot from MWG biotech, M-MLV reverse transcriptase, reverse transcription buffer and 0.1 M DTT, platinum Sybr green qPCR-UDG mix from Invitrogen, dNTPs, protector RNase inhibitor, bovine insulin, Klenow enzyme, primer oligo(DT) 15 for cDNA synthesis and salmon sperm DNA from Roche (Mannheim, Germany); a-32 P-labelled deoxycytidine triphosphate (specific activity 3000 Ci/mmol), NICK TM columns and Hybond N nylon membranes from Amersham Pharmacia Biotech (Freiburg, Germany); hybridization solution QuickHyb from Stratagene (Germany), iron ferrozine from Rolf Greiner BioChemica (Flacht, Germany) and Quantikine s enzyme linked immunosorbent assay (ELISA) kits from R&D systems (IL-6, IL-1-b, TNF-a and interferon-g (IFN-g) and pro-Hepc from DRG International (Marburg, Germany). All other reagents and chemicals were from Sigma-Aldrich (Munich, Germany) or Merck (Darmstadt, Germany).
Induction of Acute-Phase Reaction APR was induced in ether-anesthetized rats by intramuscular injection of 5 mg/kg TO in both right and left hind limbs of the animals. Control animals were not given any injection. Animals were killed 0.5, 1, 2, 4, 6, 12 and 24 h after TO injection under pentobarbital anesthesia. Different organs as well as hind limb muscle tissue including the TO-injected area were excised, rinsed with physiological sodium saline, snap frozen in liquid nitrogen and stored at À801C till further use. Blood samples were collected from inferior vena cava of the control and treated animals, allowed to clot overnight at 41C and centrifuged for 20 min at 2000 g. Serum was removed and stored at À201C.
Detection of Serum Iron Levels
In serum samples from treated and control rats, iron levels were detected by colorimetric ferrozine-based assay. 34 Briefly, the iron bound to Tf was released in an acidic medium as ferric iron and was then reduced to ferrous iron in the presence of ascorbic acid. Ferrous iron forms a blue complex with ferrozine.
Enzyme-Linked Immunosorbent Assay
For detection of cytokines and pro-Hepc in serum, we used Quantikine s IL-6, IL-1b, TNF-a and IFN-g ELISA kits from R&D systems and pro-Hepc from DRG International (Marburg, Germany). Samples were processed according to the manufacturer's instructions. Samples contained serum from TO-treated rats at different time points mentioned above after the TO injection.
RNA Isolation
Total RNA was isolated from different tissue samples by means of guanidine isothiocyanate extraction, cesium chloride density-gradient ultracentrifugation and ethanol precipitation according to the method described previously 35 with some modifications as described elsewhere. 36 The RNA obtained was quantified by measuring the absorbance at 260 nm.
Quantitative Real-Time PCR The cDNA was generated by reverse transcription of 1 mg of total RNA with 100 nM of dNTPs, 50 pM of primer oligo(dT) 15 , 200 U of moloney murine leukemia virus reverse transcriptase (M-MLV RT), 16 U of protector RNase inhibitor, 1 Â RT buffer and 2.5 ml of 0.1 M DTT for 1 h at 401C. Gene expression was analyzed using Platinum Sybr Green qPCR mix UDG. GAPDH and b-actin were used as housekeeping genes. Primer sequences used are given in Table 1a .
The amplification was performed at 95-601C for 45 cycles in an ABI prism 7000 sequence detection system. All samples were assayed in duplicate. The results were normalized to the housekeeping gene and fold change expression was calculated using threshold cycle (C t ) values.
Northern Blot Analysis
Total RNA (5-10 mg/lane) was size-fractionated by electrophoresis in 1% agarose-formaldehyde gels, transferred to nylon membranes using the capillary transfer systems and crosslinked by ultraviolet light. Rat Hepc, Hjv, Fpn1, IL-6 and IL-1b cDNAs were generated by PCR from rat hepatic RNA using specific primers (Table 1b) . Hybridization was performed at 681C for 2 h with random-primed a-32 P-labelled cDNA probes for Hepc, Hjv and Fpn1. 28SrRNA was used to confirm equal loading of the samples. An overnight incubation at 421C for 28S rRNA 5 0 -AAC GAT CAG AGT AGT TGG TAT TTC ACC-3 05 was performed.
Preparation of Liver Homogenate and Measurement of Iron Concentration
About 100 mg of frozen tissue was homogenized with an Ultra-turrax TP 18/10 three times for 10 s each in 10 volumes of 50 mM Tris-HCl buffer, pH 7.4, containing 150 mM sodium chloride, 1 mM ethylenediaminetetraacetic acid, 1% Triton X-100, 1 mM phenylmethanesulfonyl fluoride, 1 mM benzamidine, 1 mg/ml leupeptin, 10 mM chymostatin, 1 mg/ ml antipain and 1 mg/ml pepstatin A. The entire procedure was carried out at 41C. Crude homogenates were passed five times through a 22G needle applied to a syringe, centrifuged for 5 min at 10 000 g and 41C, and the protein concentration was determined in supernatants using the BCA protein assay reagent kit (Pierce, Bonn, Germany). Aliquots of the homogenates were stored at À201C until use. Tissue homogenates were used to measure the iron levels by colorimetric ferrozine-based assay. 34 Prussian Blue Iron Staining Slides were stained with Accustain s Iron stain from SigmaAldrich using the protocol provided by the manufacturer. Briefly, the slides were deparaffinized and tissues were hydrated to deionized water. Slides were placed in working iron stain solution for 10 min followed by rinsing in deionized water. Slides were subsequently stained with working pararosaniline solution for 3-5 min and rinsed in deionized water followed by a rapid dehydration through alcohol and xylene.
Statistical Analysis
The data were analyzed using Prism Graph pad 4 software (San Diego, USA). All experimental errors are shown as s.e.m. Statistical significance was calculated by Student's t-test and one-way ANOVA and Dunnett post hoc test. Significance was accepted at Po0.05.
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RESULTS

Changes in the Iron Levels in Serum and Liver Tissue
An early decrease in serum iron levels was found after TO injection. This decline was highly significant at the later time points by Student's t-test (Po0.001) and during the course of the study by one-way ANOVA (P ¼ 8 Â 10
À4
). In contrast, in the liver tissue, an increase in the iron content was observed. This increase became statistically significant at 12 and 24 h after TO administration (Figure 1a) . Serum pro-Hepc concentration was not significantly changed in response to TO injection (Figure 1b) .
Serum Levels of Acute-Phase Cytokines
A sharp increase in serum IL-6 concentration (2018 pg/ml) was detectable 2 h after TO injection, with maximum levels detected at 6 h. IL-1b serum concentration also increased (150 pg/ml), but with lower order of magnitude (Figure 1c ). This increase of serum IL-6 was significant by both Student's t-test (Po0.05) and ANOVA (P ¼ 0.0013); however, the increase in IL-1b concentrations was significant only at later time points by Student's t-test but not with the ANOVA (P ¼ 0.15), through the course of the study. Serum levels of TNF-a and IFN-g were also measured and a delayed but significant increase in serum IFN-g concentration was found by Student's t-test (Po0.05) and by ANOVA (P ¼ 0.02). On the other hand, the changes in the serum levels of TNF-a were not statistically significant (Figure 1d ).
Acute-Phase Cytokines Gene Expression in the Injured Muscle
In the muscle, which is the site of injury, IL-6 gene expression was significantly upregulated 3427-fold 6 h after the onset of APR. At the same time, IL-1b gene expression was upregulated 400-fold. IFN-g gene expression was significantly Figure 2a ) at 4 h whereas TNF-a gene expression was not significantly changed. The strong upregulation of IL-6 and IL-1b was confirmed by Northern blotting, and maximum expression was seen 6 h after TO injection (Figure 2b ).
Expression of Acute-Phase Cytokines and Iron Regulatory Genes in the Liver
As revealed by real-time PCR analysis, gene expression of IL1-b and TNF-a was significantly upregulated in the liver, reaching maximum increases of 3.24-and 3.83-fold, respectively (4-6 h), whereas IL-6 gene expression was significantly downregulated at 6 h ( Figure 2c) ; however, this decrease in IL-6 gene expression was not significant by ANOVA. Hepc, ferritin-H-, DMT1 gene expression was significantly upregulated (770.72-, 1.4470.12-and 2.8570.27-fold: Po0.05, respectively) 6 h after the onset of the APR. The upregulation of DMT1-gene expression was not significant when analyzed by one-way ANOVA (P ¼ 0.08; Figure 3a and b). Tf gene expression was significantly upregulated at earlier time points, but later on the gene expression was significantly downregulated (0.7070.08-fold: Po0.05; Figure 3a) ; however, the changes were highly significant during the whole course of the study by one-way ANOVA (P ¼ 2 Â 10 À4 ). Both TfR1 and TfR2 responsible for Tf-bound iron uptake gene expression were significantly upregulated. Early upregulation of TfR1 gene expression was observed (1.770.24-fold; Po0.05) 30 min after the TO injection; however, TfR2 upregulation was delayed (1.7670.03-fold; Po0.05) to 6 h (Figure 3b ). IRP1-and IRP2-(1.770.084-and 1.8370.33-fold; Po0.01) gene expression was upregulated significantly (Figure 3d ).
Hjv gene expression was significantly downregulated (0.1270.05-fold; Po0.001) at 6 h (Figure 3c ) while Fpn1-, Dcytb-, HFE-and Heph gene expression (0.3070.10-, 0.3070.07-, 0.1870.03-and 0.2770.03-fold, respectively; Po0.05) was downregulated at 12 h (Figure 3a-c) . The downregulation was highly significant when analyzed by oneway ANOVA (Po5 Â 10 À4 ). Northern blot analysis was performed to verify real-time PCR findings. The filters with RNA size fractionized by electrophoresis were hybridized with Hepc-, Hjv-and Fpn1-specific cDNA probes and the intensity of the radioactive label was recorded on the autoradiographic films after incubating at À801C. We found an increase in Hepc gene expression with a maximum expression at 6 h after the TO Figure 1 Changes in the iron level in the serum and liver tissue (a) pro-Hepc (b), IL-6 and IL-1b (c) and TNF-a and IFNg (d). Serum iron levels were measured by routine clinical laboratory test using an iron ferrozine assay. Statistically significant decline in serum and increase in tissue iron level were found from 6 to 24 h after the TO injection (a). Pro-Hepc was measured using pro-Hepc ELISA and no significant changes in the pro-Hepc concentration were observed (b). Serum levels of acute-phase cytokines were measured using rat specific ELISAs as per the manufacturer's instruction. Statistically significant increases in serum IL-6 and IL1-b concentrations were found with a maximum by 6 h of TO injection (c); however, a significant increase in serum IFN-g concentration was delayed to 24 h (d). Results represent the mean value7s.e.m. (*Po0.05, analyzed by Student's t-test; n ¼ 4).
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Expression of Iron Metabolism Genes in Extrahepatic Organs
In addition to comparison of gene expression to a housekeeping gene in extrahepatic organs, the quantitative comparison of the gene expression was determined by comparing C t values (see Supplementary Information). We not only found the expression but also the upregulation of Hepc gene in the extrahepatic organs. Statistical analysis showed that this expression was significantly changed in the extrahepatic organs (Po0.05); however, in spleen, the changes in the gene expression were reproducible but did not reach statistical significance. Ferritin-H gene expression was significantly downregulated in different organs while in kidney an upregulation was found. Tf gene expression was variably regulated in the extrahepatic organs. A significant upregulation was observed in the small intestine. On the other hand, Tf gene expression was significantly downregulated in heart and kidney (Figures 4a-8a ). DMT1 gene expression was significantly downregulated in small intestine, spleen and kidney. In colon, the upregulation of DMT1 gene expression was followed by a downregulation. Dcytb gene expression was significantly increased in small the intestine (Po0.005) and not in other organs under study. TfR1 gene expression was only significantly downregulated in spleen (P ¼ 0.013) whereas the changes in other organs were not significant when analyzed by one-way ANOVA. TfR2 gene expression was significantly downregulated in the small intestine and spleen while in kidney an opposite regulation was observed (Figures 4b-8b) .
Heph gene expression was downregulated in extrahepatic organs; however, these changes were only significant in spleen through the whole course of study by ANOVA (P ¼ 0.0042). Hjv gene expression was quite strong in heart as it was evident by C t values (Supplementary Information); however, this upregulation was not significant. On the other hand, Hjv gene expression was significantly upregulated at 4 h in kidney followed by a significant downregulation (P ¼ 0.007). HFE gene expression was significantly downregulated in heart and kidney; however, in other organs, the downregulation was not statistically significant (Figures 4c-8c) .
IRP1 gene expression was significantly upregulated in colon and kidney (Po0.025). In heart, the upregulation of IRP1 gene expression was significant at early time points; however, it was significantly downregulated later when analyzed by Student's t-test. The changes in IRP1 gene expression were not significant through the course of experimental study when analyzed by ANOVA. IRP2 gene expression was significantly changed in the small intestine but not in any other organ under study when evaluated by ANOVA (Figures  4d-8d) .
Fpn1 gene expression was significantly downregulated in heart, colon and spleen at 6 h as in the liver; however, in the small intestine and kidney, the downregulation was not significant. Detectability of Hepc, Hjv and Fpn1 mRNA expression by Northern blot analysis was somehow related to C t values. In fact, Hepc and Hjv mRNA (with the exception of the heart) could not be detected by Northern blot analysis in extrahepatic organs because of the low abundance of the specific mRNA (high C t values determined by real-time PCR). Fpn1 mRNA on the contrary was easily detectable in different organs by Northern blot analysis ( Figure 9 ).
Prussian Blue Iron Staining
Although the decrease of serum iron and the increase of liver iron concentrations were statistically significant, we were not able to show the increase of iron deposition in liver cells by Prussian blue iron staining (data not shown). It is likely that to detect an increase of iron concentration in the tissue by staining, the levels would have to increase to even higher levels. 37 Figure 2 mRNA expression of acute-phase cytokines analyzed by real-time PCR (a) and Northern blotting (b) in the injured muscle and analyzed by real-time PCR (c) in the liver at different time points after intramuscular TO injection. IL-6 and IL-1b mRNA was induced in the muscle 2 h after TO injection. The maximum expression of IL-6 and IL-1b was found at 4-6 h in the injured muscle. Results represent mean value þ s.e.m. (*Po0.05, analyzed by Student's t-test; n ¼ 4).
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DISCUSSION
The liver is a central organ for iron metabolism, which involves regulation and expression of numerous proteins. In this paper, we studied the changes in expression of Hepc gene and of other genes induced in the liver and extrahepatic organs. An in vivo model of TO-induced APR in the rat was used to better appreciate the role of acute-phase mediators in regulating the iron metabolism genes in the liver and other organs. We found that Hepc gene is expressed not only in the liver but also extrahepatic organs. The APR-induced upregulation of Hepc could also be detected in the extrahepatic sites with similar kinetics as in the liver. This modulation could be owing to acute-phase mediators mainly IL-6 coming via bloodstream. The animals were killed at given time points, RNA was isolated, reverse transcribed and subjected to real-time PCR as described in Materials and methods. Results represent mean value7s.e.m. (*Po0.05, analyzed by Student's t-test; n ¼ 4). Northern blot analysis of total RNA extracted from liver (e) Specific cDNA probes were radiolabelled with a-32 P-labelled deoxycytidine triphosphate (specific activity 3000 Ci/mmol) for Hepc, Hjv-and Fpn1-specific RNA levels in the liver of TO-injected rats. Pictures show the results of one of four animals.
Serum levels of IL-6 and IL-1b were strongly upregulated; the level of IL-6 was, at its maximum, nine times higher than that of IL-1b. However, while IL-6 gene expression was dramatically upregulated in the injured muscle, it was downregulated in the liver. In contrast, in one model of LPSinduced inflammation, upregulation of IL-6 gene expression Iron regulation during acute-phase reaction N Sheikh et al has been reported in the liver. 38 Injected LPS is mainly taken up by the Kupffer cells and is responsible for the upregulation of IL-6 in the liver. On the other hand, TO-induced local irritation is a model of inflammation, which results in the recruitment of inflammatory cells and the upregulation of IL-6 in the injured muscle. 7 This study underlines the Iron regulation during acute-phase reaction N Sheikh et al differences between the two animal models and indirectly confirms that IL-6 is the major player in modifying iron metabolism under acute-phase condition. 13, [38] [39] [40] [41] [42] [43] [44] Most studies to date have shown that the transcriptional changes in the Hepc gene expression parallel the changes in serum iron concentration; however, limited studies have been performed to show the changes in the concentration of this important hormone in the serum. [45] [46] [47] [48] Intramuscular TO injection induced significant decrease of the serum iron concentration without a significant change in serum proHepc concentration. One possible explanation for no significant change in serum concentration of Hepc could be that Northern blot analysis of total RNA extracted from different organs of the TO-injected rats taken at different time points (Materials and methods). Fpn1-specific cDNA probes radiolabelled with a-32 P-labelled deoxycytidine triphosphate (specific activity 3000 Ci/mmol) were used for hybridization. Fpn1-mRNA-expression could be demonstrated in all the organs with a similar pattern of regulation, that is, Fpn1 mRNA expression was downregulated during TO-induced APR.
Iron regulation during acute-phase reaction N Sheikh et al the upregulation of gene expression in the liver although significant is not enough (seven-fold) to induce measurable changes in the serum level. It is possible that a measurable change in serum concentration is only possible if the transcriptional changes are large enough. In the sera of g-irradiated rats, significant upregulation of pro-Hepc serum level was associated with 30-fold upregulation of hepatic Hepc gene expression. 39 Similarly, the serum level of CINC-1 increased 15-fold, when the hepatic expression of CINC-1 was upregulated 260-fold during APR. 7 Also, the ELISA used to measure the serum Hepc concentration was not specific for biologically active Hepc-25. 30, 49 No practical assay has been reported for measurement of active Hepc-25, although attempts have been made to develop an assay system by using SELDI-TOF MS. 50 Hjv gene expression could be confirmed in skeletal muscle, heart and liver; 51 however, Hjv gene expression was clearly detectable in kidney and in smaller amounts in extrahepatic organs where it was downregulated. In non-HFE-HH, Hepc gene expression was reduced, 51, 52 which suggests that Hjv could be involved in Hepc regulation; however, the mechanism is still unclear.
In mammals, iron bioavailability is regulated at three principal sites: duodenal uptake, release from hepatic stores and recycling of scavenged iron from senescent red blood cells via reticuloendothelial macrophages. 53 During APR, iron concentration in the blood was decreased to a significantly low level by 24 h of TO injection. At the same time, the liver iron contents were significantly increased by 33%, demonstrating that the iron status in serum and liver, the most important organ in iron metabolism, is affected during APR. Prussian blue staining however was not sensitive enough to detect the increased hepatic iron concentration. A significant overload of iron has been reported in liver samples from Smad4
Co/Co Alb-Cre mutant mice. Prussian blue staining showed that beginning at the age of 2 months, iron accumulated in the liver with pigmentation. Quantitative measurement showed a nine-fold increase in iron concentrations in the liver samples and confirmed alteration of iron levels in these organs.
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Fpn1 gene expression was downregulated in liver and in extrahepatic organs. These changes in gene expression were parallel to the significant decline in serum iron levels. The signal for downregulation of Fpn1 could be initiated as a consequence of Hepc-Fpn1 interaction. 22, 28, 29 Heph in association with Fpn1 plays an important role in iron transfer across the basolateral membrane into the serum. 25 A significant downregulation of Heph during APR supports the hypothesis that it could be involved in the export of iron across the basolateral membrane.
DMT1 gene expression was upregulated in the liver whereas Dcytb gene expression was significantly downregulated. DMT1 and Dcytb interact to take up iron; however, how these two components of the iron uptake machinery are regulated is still unknown. Iron concentration has strong effects on expression of these two proteins. In case of blood loss, decrease in serum iron concentration acts as a signal to increase the uptake of dietary iron in the intestine; consequently, the DMT1-and Dcytb gene expression is upregulated. 22, 54 Early upregulation followed by downregulation of Tf gene expression was found in the liver. Gene expression of TfR1 and TfR2, responsible for iron uptake from diferric Tf via receptor-mediated endocytosis, 55 were upregulated. Tf gene expression was significantly downregulated in heart and kidney. Crosstalk between different signalling pathways like IL-6, HFE, Hjv and TfR2 results in the variable regulation of Hepc during inflammation or altered iron conditions. 38 Hepatic HFE forms a complex with TfR1. 18 The binding sites of HFE and diferric Tf overlap. 56 HFE along with diferric-Tf-TfR1 complex is endocytosed during receptormediated endocytosis. 57 Despite iron overload, patients with HFE mutations and HFE-deficient mice show hepatic HepcmRNA levels below those of normal control mice, suggesting that HFE is required for Hepc gene expression; 58, 59 however, Hepc gene expression was not completely abolished in HFEdeficient mice, indicating the existence of intact Hepc regulatory setup 60 in the absence of HFE. Our findings suggest an inverse relationship between Hepc-and HFE gene expression in the liver and extrahepatic organs during TOinduced APR.
IRPs are critical determinants of the post-transcriptional regulation of TfR expression. Besides ferritin and TfR1, DMT1 and Fpn1 mRNA contain IRE-like sequences, suggesting that IRP might possibly affect the use of these mRNAs. 24 ,27,61 DMT1 expression is regulated by iron in some but not all situations [62] [63] [64] whereas Fpn1 mRNA abundance responds to alterations in iron status. 27 Iron regulates the synthesis of ferritin and TfRs, 65 and IRPs indirectly modulate TfR mRNA translation by influencing its rate of degradation. When IRPs bind to TfR mRNA, they retard its degradation, and mRNA has a half-life of 6 h. When IRPs are not bound to the mRNA, it has a much shorter half-life (o1 h). 66 However, TfR2 is encoded by an mRNA that lacks IREs, which indicates that in some circumstances regulation of the number of Tf-binding sites in the cell would not be controlled by IRP. 67 In contrast, expression of TfR2 appears to be refractory to alterations in iron status, at least in liver. 68 From these findings, we conclude that Hepc gene expression is upregulated during TO-induced APR not only in the liver but also in the systemic organs. This hormone can regulate or at least influence the expression of different proteins like Fpn1, DMT1 and other iron regulatory proteins studied during the APR. IL-6 (along with IL-1b) produced at the site of injury could be the main mediator of the changes observed in the liver and in the other organs as well. Furthermore, the finding that most of the known genes of iron metabolism are expressed in both the liver and in the extrahepatic organs suggests that extrahepatic organs may participate in regulating the serum iron level and systemic iron metabolism.
